Introduction
During recent decades, environmental conditions have deteriorated in the Valli di Comacchio, the largest lagoonal system in the Po River deltaic area (northern Italy). This shallow-water ecosystem underwent important anthropogenic impacts, from land reclamation to the effects of contamination on the remaining areas. Such conditions were further exacerbated, up to a decade ago, by high organic enrichment resulting from sewage discharge from intensive fish farming activities. This lead to the collapse of the lagoon, with a drastic depletion of all planktonic and benthic components, and the dominance of pycocianobacteria (Sorokin et al., 1996) . Nowadays, the Valli are characterized by such hydrologic and physical-chemical conditions (shallow water with long residence time, eutrophic marine influence and inputs of nutrient-rich continental waters, anoxic sediment layers with production of sulfides) to be considered a very harsh environment (Mistri et al., 2000) . Earlier studies, however, reported a high number of macrobenthic species at the beginning of the 1970s, on account of the elevated heterogeneity of the habitats and the large area of marine phanerogams (Colombo et al., 1977) . Given the economic and naturalistic importance of the lagoon, a monitoring program was initiated in 1996, after the failure and subsequent closure of aquaculture activities. The aim was to check the environmental condition of the main basins, and to allow estimation of the potential, and the time needed, for recovery of the Valli, by focusing the analysis on macrobenthic community patterns. Infaunal communities are probably the best tools to describe the ecological conditions of aquatic ecosystems, since they are in intimate contact with sediments, which accumulate the multiple sources of organic enrichment and pollution (Le Bris and Glémarec, 1996) . Preliminary results highlighted the resistance to change of community functioning (Mistri et al., 2001 ) despite stresses that generate quite unpredictable abundance fluctuations (Mistri, 2002a) , as well as the role played by local disturbance events in structuring communities (Mistri et al., 2002) .
The aim of the present study was to describe the macrobenthic community structure in order to assess the ecological conditions in 2001, about ten years after the end of aquaculture plants. In addition, the 1997-1998 (Mistri et al., 2000) and 2001 data of benthic assemblages were compared, to achieve estimation of the recovery of the lagoon. Since the monitoring program was carried out in the same areas of the lagoon and with the same sampling strategy, it provides an appropriate basis for comparison.
Materials and methods
The Valli di Comacchio is a semi-enclosed lagoonal complex of about 100 km 2 , with an average depth of 1 m, almost completely surrounded by earthen dikes, and separated from the sea by the highly anthropogenically impacted, 2.5-kmwide Spina spit. Four permanent sampling stations, located along a gradient of sediment texture and confinement (sensu Guelorget and Perthuisot (1983) , i.e. the turnover time of marine waters), were sampled in 2001 (Fig. 1 ). Stations M4 (1.2 m depth) and P1 (1.1 m depth) were located in areas subjected to the inflow of marine and riverine waters, with P1 more confined with respect to M4. M6 (1.2 m depth) was in the central area of the lagoon, near the old effluent pipe of aquaculture plants; this site was the most confined, being far from marine or riverine water inputs, but in January 2001 the unused Bellocchio drain was enlarged and became operative. M5 (0.9 m depth), finally, was in the southernmost part of the lagoon, in an area characterized by the presence of a scarce bed of Ruppia cirrhosa and by occasional freshwater inflows from the Reno River through a dam. These four stations were previously comprised in a wider monitoring program, which included 12 sampling sites (Mistri et al., 2000) , and being highly representative of the different ecological conditions found in the Valli, were chosen as long-term monitoring stations. The 2001 macrobenthic community structure was studied by collecting samples in triplicate at each site in January, March, July and October. The abundance of individuals, identified at the species level when possible, was measured for each sample. Changes in macrobenthic community structure and composition were also investigated by comparing the 2001 with the 1997-1998 data set (sampling dates: November 1997, March, June, and September 1998; Mistri et al., 2000 . Sampling and sorting techniques are fully described elsewhere (Mistri et al., 2000 (Mistri et al., , 2002 .
Sediment cores were also collected in triplicate on the same four sampling dates at each site (with the exception of October at P1 because of technical constraints), and the first 5 mm were analyzed for total organic content (loss of weight on ignition at 500°C), and microphytobenthic chlorophyll-a (Lorenzen and Jeffrey, 1980) . Depth of the redox potential discontinuity layer (RPDL) was also measured as the thickness of the brownish oxidized layer. Water parameters (temperature, salinity, dissolved oxygen, and chlorophyll-a) were measured at each site at fortnightly intervals (except for December) using an Idronaut Ocean Seven 316CTD multiparameter probe at about 20 cm above the bottom.
The 2001-macrobenthic communities were described through the number of taxa (S), abundance (N), richness (as Margalef's d), evenness (as Pielou's J'), and diversity (as Shannon-Wiener's H'). Community analysis was then performed using multivariate techniques both on the 2001 and the 1997-1998 data matrix. Formal significance tests for differences among 2001 sampling dates and sampling sites were performed using a crossed 2-way Anosim randomization/permutation test (Clarke and Warwick, 1994) from the Bray-Curtis similarity matrix (data fourth-root transformed). Data were then analyzed through non-metric multidimensional scaling (MDS, Clarke and Warwick, 1994) , and species making the greatest contribution to dissimilarity among the four stations were investigated through Simper analysis (Clarke and Warwick, 1994) . The relationship between environmental variables and macrobenthic community structure was then explored by correlating euclidean distance similarity matrix of abiotic data (sediment plus water variables) with Bray-Curtis similarity matrix from benthic abundance data (BIOENV routine, Clarke and Warwick, 1994) . For the 1997-1998 and 2001 combined data matrix, the 2-way Anosim randomization/permutation test was run, with stations nested into years. Simper analysis was performed to determine the contribution of individual species to total dissimilarity between years and stations. Multivariate analyzes were performed using the Primer ver. 5.0 software (Plymouth Marine Laboratory, UK).
Results

Environmental data
In Fig. 2 , the temporal trend of water variables at the four sampling sites in 2001 is shown. Most parameters showed high seasonal variation because of the lagoonal nature of the sites. Chlorophyll-a concentration increased in spring, peaked in summer, then peaked again, only in the central area of the lagoon, in October. In Fig. 3 , sedimentary variables at the four sampling dates are shown. Organic content was higher at P1 in January and, on the whole, lower concentrations were found at all stations in July. The microphytobenthic chlorophyll-a concentration peaked in April but it was fairly high all year round, showing variations due to the patchy distribution of benthic microalgae. The minimum depth of RPDL was registered at P1 in July, but, at our sampling dates, an aerobic layer was always present.
The 2001 communities
In 2001, a total of 52 taxa, belonging to six phyla, was recovered and identified. The most diversified group was Annelida, which constituted 76% of total macrofauna, followed by Arthropoda (17.1%), Mollusca (6.1%), and other minor groups (Cnidaria, Turbellaria, and Nemertea: 0.8%). Nine of the species collected accounted for 83.4% of total abundance. This group comprised opportunistic species typical of brackish environments, such as Oligochaeta (two unidentified species, 24% of total abundance), Corophium insidosum (15.3%), Neanthes succinea (13.7%), Armandia cirrhosa (7.6%), Polydora ciliata (7.4%), Heteromastus filiformis (6.2%), Hydrobia sp. (5.3%), and Hydroides dianthus (3.9%). Of great importance was the discovery at one site (M6) of the mussel Musculista senhousia, even if with low abundance (0.1%). The 2-way crossed Anosim test among the four stations and the four sampling periods showed significant differences for these two factors (Table 1) . The highest r-values in pairwise tests were observed when comparing P1 with M4 and M5, and M5 with M6. Moreover, differences were observed between all the four dates. In Fig. 4 , the MDS ordination plot, with superimposed groups generated by cluster analysis (UPGMA on Bray-Curtis similarity matrix), is shown, with sample points arranged along the horizontal axis and segregated into two major groups: one comprising all P1 points plus M4 and M6 at two dates (January and July), and another comprising all M5 points plus M4 and M6 at the two other dates (April and October). An analysis of the contribution from individual species abundance to the average Bray-Curtis dissimilarity between the four stations using Simper, showed that differences were mainly due to the average higher proportion of A. cirrhosa, H. filiformis, Capitellidae sp. 1 and Oligochaeta sp. 1 at M5. Species breakdown of similarities for each station showed that while at P1 6 species contributed for >90% of this similarity, at M4, M5 and M6 they were 13, 14 and 9, respectively (Table 2 ). In Fig. 5 , univariate indices at the four sampling sites are shown. On the whole, M4 and M5 exhibited the most structured communities, while P1 and M6 were more impoverished. The results of BIOENV analysis showed weak correlations between environmental and biotic data: the highest rank correlation (r = 0.258) occurred with a group of three variables, i.e. microphytobenthic chlorophyll-a, depth of RPD, and temperature; the second best correlation (r = 0.244) occurred with the same three variables plus sedimentary organic content.
Comparison of the benthic community structure between 1997-1998 and 2001
In 1997-1998, a total of 37 benthic taxa were recovered and identified (Mistri et al., 2000) . While merging the 1997-1998 and 2001 data sets, to avoid the possibility that differences in community structure were due to the different taxonomic level of resolution of some faunal groups, taxa 1997-1998 and 2001) showed significant differences for both factors (stations: global r = 0.326, significance level = 0.1%; years: global r = 0.917, significance level = 2.9%). On the 1997-1998 data set, species breakdown of similarities for each station (simper analysis) showed that only four species contributed for >90% of similarity at M6, while at P1, M4, and M5 species were 5, 10 and 14, respectively. Average dissimilarity between each station in the two periods on the basis of the contribution of faunal groups, revealed that at M6 (1997-1998 vs. 2001) [1997] [1998] were absent at that site.
Conclusion
Environmental fluctuations may act as disturbance preventing natural communities from developing to persistent stable states (Koutsoubas et al., 2000) . Faunal assemblages, however, may exhibit dynamic equilibria where attributes of populations and communities change rapidly to track environmental variations (Beukema, 1992) . In the Valli di Comacchio, environmental parameters showed a high variability throughout 2001, with a very strong seasonal component. This is possibly due to the combined effects of the high evaporation and the reduced water exchange, but other factors, as will be discussed later, probably played an important role in determining the overall environmental quality. Lower values of community descriptors indicated that, at P1 and M6, the benthic community was disturbed. M6 was traditionally the most impaired site in the lagoon, because of confinement and vicinity to the effluent pipe of aquaculture plants, but from winter 2001 onwards its benthic assemblages Fig. 4 . Non-metric multidimensional scaling ordination plot derived from fourth root transformed abundance data. Superimposed lines join points clustered by classification analysis (similarity levels are also given). greatly benefited from the increased flushing through the Bellocchio drain. Conversely, in 2001 P1 had become the most confined sampling site: from summer onwards, an ancient submerged dike almost resurfaced (thus hindering part of October's sampling program at that site) because of a modified hydraulic management of the westernmost part of the lagoon. On the other hand, the communities at M4 and, particularly, M5 were the most well structured. Of these, the former probably benefited from continuous vivification due to tidal marine waters, while the latter confirmed the beneficial role that the presence of even scarcely vegetated areas play on benthic faunal assemblages (Lewis, 1984) . On the basis of the taxa collected, differences in faunistic distribution among the four stations were recognized, although much less marked than in previous research (Mistri et al., 2000) . The comparison of the macrobenthic structure between 1997-1998 and 2001 showed significant differences of species composition and community structure especially in the central area of the lagoon, where a clear recovery of benthic assemblages was observed in 2001 compared to 1997-1998 . Recovery processes may vary considerably depending on the type of stressor and the spatial and temporal scales of the disturbance. It is well known (Zajac and Whitlatch, 1982) that benthic communities generally respond rapidly to environmental changes, although slow macrobenthic recovery processes are quite common. For example, Moore and Rodger (1991) found still signs of disturbance in macrobenthic assemblages from the Firth of Clyde (Scotland) 11 years after the cessation of sewage disposal. Rosenberg (1976) found that a site in a Swedish fjord enriched by discharge from a pulp mill took 8 years to recover after the pollution abatement. In the Valli di Comacchio, organic enrichment from aquaculture plants ceased in 1990, but signs of disturbance in the macrobenthic community, particularly in the central area, were still detectable after 8 years (Mistri et al., 2000) . In 2001, benthic assemblages at most of our sampling sites had greatly increased in complexity. The recovery of macrobenthic communities was mainly due to opportunistic taxa, which colonized above all the central area of the lagoon (M6), but the presence in the same area of Cerastoderma glaucum and Musculista senhousia probably testified to an improvement in overall environmental conditions. Moreover, this was the first record of the Indo-Pacific species M. senhousia, which recently spread in the Sacca di Goro (Mistri, 2002b) , in the Valli di Comacchio: planktonic larvae probably were conveyed through Bellocchio drain. Analysis of the community structural parameters confirmed such an improvement in environmental conditions, with an increase in number of species, abundance and diversity, especially in the central area, where very few taxa and individuals were collected in 1997-1998. It is reported that the spatial distribution of organisms in the Valli, at least until 2000, was under the control of factors linked to organic enrichment of the sediments (Mistri et al., 2002) . In 2001, the relationships between sedimentary organic content, microphytobenthic chlorophyll-a and biotic data provided evidence that trophic status and its dynamics in the lagoon was crucial in determining species distribution among the different lagoonal areas. Organically enriched sediments, as those of the Valli, usually developed summer anoxia because of their high oxygen demand (Mistri et al., 2002) . During our sampling campaigns, however, we did not find trace of anoxic crises, as we did in the previous years, and an oxidized layer was always recorded in sediment cores, independently from the season and the site.
Finally, the benthic community thriving in the southern marginal area (M5) exhibited some distinct attributes of persistence, such as the constancy of system parameters (number of species, taxonomic composition, population size) over time. We may hypothesize that marginal and vegetated areas of the Valli acted as refuge habitats for macrobenthic biodiversity, sustaining diversified and well structured communities, even when the habitat in central area of the lagoon was subjected to destructuring factors (anoxia, sedimentary release of sulfide and ammonia) and its communities were extremely impoverished. Then, following an improvement of habitat conditions, the r-selected group of species of benthic assemblages from marginal areas was able to rapidly recolonize the inner part of the lagoon.
Since late 1996, when the monitoring program in the Valli di Comacchio began, this is the first report of a macrofaunal recovery, after the collapse of benthic assemblages in the early 1990 (Sorokin et al., 1996) . The recovery of macrobenthos in the innermost area of the Valli seems to emphasize that the pattern of community displacement and succession in lagoonal species-poor systems follows the generalizations proposed for marine ecosystems by Pearson and Rosenberg (1978) . However, this pattern may be slowed or altered by secondary disturbances, like hydrodynamic processes (e.g. the increased confinement of the westernmost part of the Valli), or the release of toxic substances from anoxic sediments, which may be dependent on the nature and kind of the initial stressors. In anthropogenically impacted environments, the succession towards recovery is not necessary simple and monotonic, but, because of secondary disturbances, may proceed through progressions and regressions (Karakassis et al., 1999) . A similar pattern of benthic recovery was observed by Lardicci et al. (2001) in the dystrophic Orbetello lagoon, Italy. In Mediterranean lagoons, the lack of long-term studies on the dynamics of benthic assemblages makes it difficult to assess the time needed for the recovery of such systems after severe disturbance events: in the Valli di Comacchio, signs of amelioration were detected after 11 years from cessation of aquaculture activities. Whether this apparent recovery will proceed directionally or pass through progressions and regressions, is a matter that warrants further studies.
